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Genome surveillancerahymena thermophila possesses two versions of its genome, one germline, one
somatic, contained within functionally distinct nuclei (called the micronucleus and macronucleus,
respectively). These two genomes differentiate from identical zygotic copies. The development of the
somatic nucleus involves large-scale DNA rearrangements that eliminate 15 to 20 Mbp of their germline-
derived DNA. The genomic regions excised are dispersed throughout the genome and are largely composed
of repetitive sequences. These germline-limited sequences are targeted for removal from the genome by a
RNA interference (RNAi)-related machinery that directs histone H3 lysine 9 and 27 methylation to their
associated chromatin. The targeting small RNAs are generated in the micronucleus during meiosis and then
compared against the parental macronucleus to further enrich for germline-limited sequences and ensure
that only non-genic DNA segments are eliminated. Once the small RNAs direct these chromatin
modiﬁcations, the DNA rearrangement machinery, including the chromodomain proteins Pdd1p and Pdd3p,
assembles on these dispersed chromosomal sequences, which are then partitioned into nuclear foci where
the excision events occur. This DNA rearrangement mechanism is Tetrahymena's equivalent to the silencing of
repetitive sequences by the formation of heterochromatin. The dynamic nuclear reorganization that occurs
offers an intriguing glimpse into mechanisms that shape nuclear architecture during eukaryotic
development.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionAs organisms proceed through their development, the nuclear
genome within each somatic cell differentiates to establish its
appropriate genetic proﬁle. Such programmed differentiation neces-
sitates the activation of particular genomic regions and the silencing
of others. As highlighted throughout this issue, the spatial organiza-
tion of the genome within the eukaryotic nucleus is a key factor for
generating and maintaining proper genetic activity states. While such
genetic programming is a familiar discussion in the context of
metazoan differentiation, the control of activity states via nuclear
organization is a fundamental regulatory mechanism, even among
unicellular eukaryotes. These ‘simpler’ organisms offer key insights
into nuclear function. This review focuses on the dramatic genome
reorganization that occurs during differentiation of the somatic
nucleus in the ciliated protozoan Tetrahymena thermophila. This
genome remodeling involves extensive DNA rearrangement, a process
that exhibits hallmarks of heterochromatin formation including RNA-
directed chromatin modiﬁcation and apparent large-scale chromo-
some movements. This biological context provides a unique perspec-
tive with which to consider mechanisms that establish the functional
architecture of the nucleus.l rights reserved.Tetrahymena, with its unconventional genetic conﬁguration, has
contributed important ﬁndings that have shaped our current under-
standing of the role chromatin proteins play in gene regulation. These
ciliates manage both germline and somatic copies of their genome
within the conﬁnes of a single cell (Fig. 1A). While both types of nuclei
reside within a common cytoplasm, their activity states could not be
more different. The germline genome, located within the micro-
nucleus, remains transcriptionally silent throughout vegetative
growth. Conversely, the somatic genome is found within the
macronucleus, and it is this copy from which all genes are expressed.
Thus, these cells are able to package copies of their genome with
opposite genetic activity states into functionally distinct nuclei.
Several researchers, most notably those in the laboratories of
Martin Gorovsky and David Allis, have exploited this genetic life style
to uncover basic features of chromatin that correlate with activity
states. For example, the observation that variant histones such as H2A.
Z and H3.3 are exclusively localized in the macronucleus was one of
the earliest observations that suggested that these variants somehow
function in transcriptionally active chromatin [1–5]. Subsequent
studies in multiple organisms have elaborated on the role of these
variants. For example, histone H3.3 serves as a replacement histone
that is incorporated into transcribed regions outside of S phase [e.g. 6]
[for review see 7]. Furthermore, the active chromatin within the
somatic macronucleus was recognized to be hyperacetylated relative
to that of the silent micronucleus [8], which in contrast appears to be
devoid of most chromatin modiﬁcations. The pursuit to understand
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led to the ﬁrst cloning of a gene encoding a nuclear histone
acetyltransferase (HAT), its identiﬁcation as the homologue of the
yeast transcription factor GCN5, and the realization that transcrip-
tional regulators can act by modifying chromatin [9,10]. This study,
arguably, began a rapid expansion of future work focusing on the role
of chromatin modiﬁers in regulating gene expression.
The activity states of the macro and micronucleus are established
as each nucleus forms during the sexual stage of the lifecycle, which
initiates when two cells conjugate (Fig. 1B). The mating of cells
ultimately results in the destruction of the existing somatic genome
found in each partner's macronucleus and the formation of new
somatic macronuclei (known as a macronuclear anlagen) and
micronuclei from zygotic nuclei containing copies of the germline-
derived genome. Therefore, at each generation, Tetrahymena com-
pletes de novo assembly of a new transcriptionally competent somatic
genome from the previously inert micronuclear chromatin.
2. DNA rearrangement, nuclear foci formation, and the
heterochromatin connection
One of the truly striking events of this somatic genome
differentiation is the extensive remodeling of macronuclear chromo-
somes through massive, programmed DNA rearrangements (Fig. 1B)
[reviewed in 11]. Chromosome breakage, coupled with new telomere
addition, fragments the ﬁve large chromosomes from the micro-
nucleus into approximately 250 macronuclear chromosomes [12–14].
Comparative, whole genome hybridization originally revealed that
some 15–20 Mbp (∼15%) present in the germline genome is missing
from the somatic macronucleus [15]. Further studies revealed that this
DNA elimination is primarily achieved by the excision of an estimated
6000 genomic regions that range in size from hundreds to thousands
of base pairs. The major class of sequences removed from the somatic
genome is repetitive DNA. This likely contains the transposable
elements [16,17] and other repeats that are often categorized as ‘junkFig. 1. Macro- and micronuclei: models of active and silent chromatin. (A) Ciliates such
as Tetrahymena possess two copies of their genome, housed in functionally distinct
nuclei. The somatic genome is found in the polyploid macronucleus, while a silent
germline copy is contained within the diploid micronucleus. (B) The two nuclei
differentiate from zygotic nuclei that are generated after meiosis and karyogamy during
sexual reproduction, i.e. conjugation. The chromosomes in the new micronucleus
remain intact containing both macronucleus destined sequences (the thick, white line)
and thousands of germline-limited DNAs (the small, colored blocks). These so-called
internal eliminated sequence (IESs) are excised from the developing somatic
macronucleus during its differentiation as illustrated for this hypothetical 40 kbp
region. In addition, the germline form of the chromosomes are fragmented at 250 sites
(the orange circle) and de novo telomere addition (the blue circles) stabilizes the
resulting “mini”-chromosomes.DNA’ within eukaryotic genomes. Whereas most eukaryotes silence
repeats and suppress transposon activity by packaging them into
heterochromatin, it appears that Tetrahymena cells deal with such
elements by removing them altogether from their active genome.
Heterochromatin has long been recognized to possess a non-
random organization in the eukaryotic nucleus, positioned preferen-
tially near the nuclear periphery. Although the mature macronucleus
does not have classical heterochromatin, the repetitive DNA in the
genome, prior to its elimination, is packaged into observable domains
within the differentiating somatic macronucleus. Using in situ
hybridization, Yokohama and Yao observed that the germline-limited
DNA, which is targeted for elimination, is concentrated into nuclear
foci [18]. The ﬁrst protein that was found to be essential for these
genome-wide DNA rearrangements, Program DNA Degradation
protein1 (Pdd1p), was observed to localize with the repetitive
sequences, compartmentalized in these sub-nuclear regions [19]
(Fig. 2A). Interestingly, this protein contains two chromodomains
with similarity to the corresponding domain of Heterochromatin
protein 1 (HP1). The discovery of Pdd1p provided the mechanistic link
between DNA rearrangement and heterochromatin formation. In
further support that DNA rearrangement foci are heterochromatic
structures, the associated chromatin is enriched in the silencing-
associated modiﬁcations of histone H3 methylated on lysine 9 (K9) or
on lysine 27 (K27) [20,21].
The chromatinmodiﬁcations that mark speciﬁc loci for elimination
are established prior to formation of the Pdd1p-containing structures.
Histone H3 K9 (di- and tri-)methylation and K27 (tri-)methylation is
established shortly after developing macronuclei emerge within
conjugating pairs (∼7 h after cell pairing — see Fig. 3) [20,21]. At
this point both the modiﬁed chromatin and Pdd1p are distributed
relatively evenly throughout these nuclei (Fig. 2A). The subsequent
partitioning of the modiﬁed chromatin into the nuclear foci thus
involves dynamic reorganization of the thousands of dispersed loci
into a countable number of localized structures [19,22,23]. The Pdd1p-
containing foci can reach more than a micron in diameter and are
easily visualized by light microscopy [23]. These protein dense nuclear
structures [24] likely serve to concentrate the activities of the DNA
rearrangement machinery and thus represent a clear example of
localizing processes into speciﬁc compartments observable by the
formation of nuclear bodies [for a list of other types of nuclear bodies
see 25]. Fig. 2B presents a conceptual, albeit simplistic, representation
of the assembly of these heterochromatic structures and its impact on
genome organization. A detailed characterization of the proteins in
addition to Pdd1p that perform these DNA rearrangements promises
to reveal important insights into the activities required to elicit such
dramatic changes in nuclear architecture.
3. The DNA rearrangement machinery: novel proteins for a unique
process
What are the components of the DNA rearrangement machinery
that carry out this major reorganization of the nucleus? The
complexity of its composition is yet to be fully realized; however,
several proteins are known tobe associatedwith the Pdd1p-containing
nuclear bodies. These have been identiﬁed by biochemical or cell
biological approaches that took advantage of the fact that DNA
rearrangement is such a major event in the differentiation of the
somatic macronucleus. Therefore, the proteins that are expressed
exclusively during development and act speciﬁcally in the nucleus
when and where DNA rearrangement occurs were considered to be
likely candidates to play important roles in this process. A biochemical
approach yielded the PDD proteins [22], whereas a cytological
approach uncovered the Localized In macronuclear Anlagen (LIA)
proteins (in addition to re-identiﬁcation of Pdd1p and Pdd2p) [23].
Both the PDD and LIA genes encode largely novel polypeptides
with few recognizable conserved domains. The most conspicuous
Fig. 2. Dynamic restructuring of the developing somatic nucleus. (A) The developing somatic nuclei (newmacronuclei— NM, depicted as the large green circles within each cell) ﬁrst
form in conjugating Tetrahymena approximately 7 h after cells pair. They enlarge and begin their differentiation over the next several hours from the germline micronuclei (shown as
the smaller, white circles — mic). Meanwhile, the old (parental) macronuclei (om) become pycnotic and are eventually resorbed. Differentiation of each new macronucleus involves
extensive reorganization of the nucleus, which is exempliﬁed by the dynamic localization of the essential DNA rearrangement protein, Pdd1p. This chromodomain protein is
visualized in live cells (below the cartoon depiction) by a Pdd1p-ﬂuorescent protein fusion as differentiation proceeds. Initially, Pdd1p is localized relatively uniformly throughout the
nucleus (indicated by the solid green coloration) and gradually coalesces into a countable number of large nuclear foci that contain IESs preparing for elimination. A transient
cytoplasmic body, the conjusome (cj) is indicated in the leftmost panel. (B) In the conceptual account of Pdd1p foci formation depicted, IES chromatin (colored ovals) contains histone
H3 methylated on K9 and K27 (orange hexagon). This recruits Pdd1p and associated factors (shown in green) to dispersed loci. This machinery assembles the individual loci into
larger structures resulting in the concentration of germline-limited IESs prior to their elimination.
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and Pdd3p. One of the two chromodomains of Pdd1p has been shown
to have afﬁnity for histone H3 K9 and K27 methylation [20,21]. The
Pdd3p chromodomain appears to bind speciﬁcally histone H3
methylated on K9 [20]. The association of Pdd1p and Pdd3p with
the modiﬁed loci is likely an early step in the formation of the DNA
elimination structures and their assembly into nuclear foci.
Of the other proteins linked to this process, only Lia5p has a
recognizable domain conserved outside of ciliates. LIA5 encodes a
putative, PHD-type zinc ﬁnger protein [23]. This domain likely serves
as an interaction domainwith chromatin or other DNA rearrangement
proteins [26]. The novelty of the other genes presents a challenge for
the elucidation of their exact roles in this genome reorganization.
Whether these proteins are truly novel or are just diverged sufﬁciently
to obscure obvious similarity to homologous proteins awaits assign-
ment of function. Nevertheless, targeted gene disruption of four of the
seven candidates so far examined (PDD1, PDD2, LIA1, and LIA5) has
revealed each has essential roles in DNA rearrangement [19,27,28]
(Shieh, A.W.Y and Chalker, D.L., unpublished data).
The proteins thus far identiﬁed likely act at distinct steps in the
excision of the germline-limited DNA. PDD1 is expressed starting in
meiosis and appears to have roles both before and after the emergence
of the developing somatic nuclei. Disrupting early expression (by
knocking out the parental macronuclear gene copies, but not the
micronuclear copies — see Fig. 3) causes a developmental arrest and
failure to eliminate DNA. Furthermore, PDD1 knockout lines fail toestablish histone H3 K9 and K27 methylation [20] showing that it not
only binds to the modiﬁed chromatin in the DNA rearrangement foci,
but is also participates in the initial recognition of the germline-
limited sequences. Disruption of early PDD2 expression is also
sufﬁcient to block DNA rearrangement, but the effect on chromatin
modiﬁcations has not been examined.
The Lia proteins must act after Pdd1p, given that they are not
expressed until post-zygotic stages of development (Fig. 3). In contrast
to PDD1 and 2, knockout of LIA1 copies from both the macro and
micronuclei was required to block its essential functions [28]. Zygotic
gene expression, which starts about 9–10 h into conjugation, was
sufﬁcient for normal development, thus the Lia1 protein acts relatively
late in development. Nevertheless, LIA1 knockout lines (as well as
ΔLIA5 lines) fail to assemble the DNA rearrangement foci, suggesting
an important role in the clustering of Pdd1p bound chromatin. PDD2
knockout lines also fail to form the DNA rearrangement foci, but this
protein likely acts prior to the Lia proteins given that zygotic
expression was unable to rescue the lack of early expression from
the parental macronucleus [27].
The obvious next step to understanding the DNA rearrangement
machinery is to determine the order and interdependence of action
for each of these proteins in the maturation of the Pdd1p-containing
nuclear structures. The more challenging, but clearly important goal
will be the elucidation of their exact functions in this nuclear
reorganization. In addition to these novel proteins, conserved
chromatin regulators (e.g. histone deacetylases [29] and methyltrans-
Fig. 3. Stages of development and the timing of events associatedwith nuclear remodeling. The top of the ﬁgure depicts several of themajor events of conjugation. Below the diagram,
the period for important events, such as essential protein localization and chromatin modiﬁcations, is indicated by the labeled arrows. The onset of mating directs the germline
micronucleus of each cell to enter meiosis. No pre-meiotic S phase is required as starvation arrests these nuclei at the 4N stage. One of four meiotic products is selected to undergo
replication and division to produce two identical gametic micronuclei (gmi) in each mating partner. One from each cell is exchanged and fuses with the partner's stationary copy to
produce genetically identical zygotic nuclei. After karyogamy, two additional rounds of mitosis produce the progenitors of the new somatic and germline nuclei. Shortly after the
second nuclear division, two enlarge and begin to differentiate into macronuclei while the remaining two are preserved silent, one of which is selected as the future germline.
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main proteins, etc.), likely provide key activities that act at speciﬁc
stages of nuclear foci formation. The future studies of this process will
provide a view of this machinery that can direct the proper
organization of the nucleus.
4. RNAi directed chromatin modiﬁcation, an ancient mechanism
for creating heterochromatin
Discrimination between the genomic regions to be expressed or
silenced is a universal event in an organism's development. The
description above has centered on the assembly of organized
structures within the developing macronuclei during their differen-
tiation. However, to set up these events, the 15 to 20 Mbp of DNA
destined for elimination must ﬁrst be identiﬁed and tagged with
heterochromatin-like modiﬁcations. The zygotic genome present
when developing macronuclei emerge exists in a naïve state, as it is
derived from micronuclear DNA with its largely unmodiﬁed chroma-
tin. During the initial few hours of its existence, the newly formed
nucleus is able to target histone H3 K9 and K27 methylation to the
germline-limited sequences, while specifying that the retained, genic
sequences acquire modiﬁcations typical of euchromatin [e.g. H3 K4
methylation 30].
To target the heterochromatin modiﬁcations to the thousands of
dispersed loci, Tetrahymena uses RNA guides [for more extensive
review see 31,32,33]. These RNAs, together with a specialized RNAi
machinery, provide the necessary speciﬁcity to identify the correct
genomic regions, yet the versatility to recognize a large, diverse set of
sequences. In fact, microinjection of dsRNAs that are homologous to
genic regions into mating cells can induce the inappropriate
elimination of the corresponding chromosomal locus [34]. The normal
source for these guiding RNAs is bi-directional transcription of the
germline genome during meiosis [35]. Cleavage of the resulting
double-stranded (ds) RNAs by a Dicer-like ribonuclease encoded by
DCL1 [36,37] generates a diverse population of 27–30 nt small RNAs
[38]. Disruption of DCL1 caused loss of these small RNAs and
accumulation of meiotic precursor transcripts.These small RNAs are produced prior to formation of the zygotic
genome, but they transmit the sequence-speciﬁc information to the
newly differentiating somatic genome several hours later, guiding the
extensive genome reorganization (Fig. 3). Once synthesized, these
small RNAs assemble with the developmentally expressed Piwi family
protein, Twi1p (Tetrahymena Piwi 1) [38]. In TWI1 knockout strains,
the small RNAs are destabilized and conjugating cells arrest late in
development, failing to carry out DNA rearrangement. Similar to TWI1
knockouts, DCL1 knockouts fail to eliminate germline-limited DNA
segments. This RNAi pathway in Tetrahymena operates as a form of
genome surveillance, likely preventing the rapid spread of active
transposable elements by eliminating them from the future somatic
nucleus. The piRNA pathway found in metazoans appears to carry out
the analogous function as both processes appear to exist to silence
transposable elements during development [reviewed in 39,40,41].
This suggests that the role of Piwi proteins in genome surveillance is
an ancient role, preserved throughout the eukaryotic lineages.
Cells lacking DCL1 or TWI1 fail to establish, or properly target,
histone H3 K9 and K27 methylation, ﬁndings supporting that these
small RNAs target chromatin modiﬁcations in the differentiating
somatic nucleus [21,36,38]. How the RNAi machinery interacts with
the developing genome to establish these chromatin modiﬁcations is
not yet characterized. In S. pombe, where the most data exists, several
lines of evidence suggest that the RNAi machinery (the RITS complex)
does not recognize DNA directly, but interacts with transcripts
anchored in cis at the locus to be silenced [42] [see 43,44]. If this is
a general means by which RNAi ﬁnds its genomic targets, it suggests
that the 15% of the genome targeted for elimination must be
transcribed at the start of macronuclear differentiation. This model
is appealing as it provides a single-stranded nucleic acid able to base
pair with a Twi1p associated small RNA.
If instead small RNAs recognize the genome directly, the dsDNA
must be unwound. Transcription or replication could facilitate this
small RNA/DNA recognition. Interestingly, a round of DNA replication
occurs in the developing macronucleus concurrent with the establish-
ment of genome-wide chromatin methylation. Could the RNAi
machinery interact with the replication fork and act as a histone-
Fig. 4. Nuclear organization is disrupted in RNAi mutants. On the right is a DIC image of
developing micro- and macronuclei (indicated by the arrowheads and arrows,
respectively). On the left is ﬂuorescence of a Pdd1p-CFP fusion protein in live cells. In
wild-type conjugants, the Pdd1 protein is initially distributed throughout nuclear
chromatin when these somatic macronuclei begin their differentiation. In contrast,
RNAi mutants, such as the DCL1 knockout lines shown here fail to acquire proper
histone H3 K9 and K27 methylation and Pdd1p assembles into foci as soon as new
macronuclei emerge.
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DNA? In support of this idea, it has been found that DCL1 mutants,
which fail to produce small RNAs, still establish H3K9 methylation on
the genome, but cannot target the modiﬁcation to the correct regions
[36]. This result makes sense if one considers that a large portion of
the genomemust bemodiﬁed in a short timewindow (see Fig. 3), thus
it would be advantageous to have a pool of pre-modiﬁed histones
ready for chromatin assembly. In this model, a chromodomain protein
(possibly Pdd1p) associated with the RNAi machinery would carry the
modiﬁed histone, depositing it into the locus during replication when
the small RNA matches the DNA. This model would also explain why
PDD1 mutants fail to establish these chromatin marks. This is pure
speculation, but it is worth considering given that a stable interaction
between a histone methyltransferase and the RNAi machinery has yet
to be clearly demonstrated in any organism.
Regardless of the exact mechanism guiding their placement, the
chromatin modiﬁcations targeted to the germline-limited sequences
are critical for proper nuclear differentiation. Loss of histone H3 K9
and K27 methylation not only leads to a block in DNA rearrangement,
but also causes a signiﬁcant alteration in the apparent organization of
this nucleus. Mutant strains lacking the RNAi genes DCL1 or TWI1, or
EZL1, one of three Enhancer of Zeste-Like H3K27 histone methyl-
transferases encoded by Tetrahymena, exhibit premature formation of
Pdd1p nuclear foci [21] (see Fig. 4). This result implies that the correct
timing of histone modiﬁcation is critical in establishing the proper
architecture of this differentiating nucleus. The RNAi machinery has
been found to be important to regulate nuclear positioning in both
ﬁssion yeast and ﬂies as well, which supports the idea that this
phenomenon is not unique to Tetrahymena [45–47].
5. Proofreading of the small RNA pool helps deﬁne future
heterochromatin
It should be apparent from the description above that Tetrahymena
nuclear differentiation is a highly regulated process. Some of the
processes that guide this genome remodeling occur before the
developing macronuclei are even formed (e.g. the production of the
targeting small RNAs occurs in meiosis — see Fig. 3). This discussion
would be incomplete without describing the action of the parental
macronucleus in regulating genome reorganization. Its regulatory
function may be the most fascinating aspect of the entire process as
the parental somatic genome is able to serve as a proofreader,
preventing the aberrant elimination of genic sequences by small RNAs
that match macronucleus-retained regions. This role appears to be
necessary as the bi-directional transcription that provides the small
RNA precursors is somewhat promiscuous, extending beyond the
germline-limited sequences [35]. The existence of this proofreading
role was uncovered when germline-limited DNAs were introduced
into somatic macronuclei, which upon mating, inhibited the normally
efﬁcient excision of the corresponding chromosome sequences from
the developing macronuclei [48]. Similar epigenetic regulation of
genome rearrangements occurs in the ciliate Paramecium, which
illustrates that this regulation is conserved [49,50]. The inﬂuence of
the parental somatic genome is mediated through factors that are
freely able to move through the cytoplasm during conjugation, and its
timing correlates with the cessation of small RNA biogenesis [51].
While many of the mechanistic details of this regulatory step
remain to be deﬁned, several lines of evidence indicate that the pool of
Twi1p bound small RNAs is compared to the existing parental
macronuclear genome (or transcripts derived from it). Small RNAs
matching this genome are removed from the pool that will eventually
target the heterochromatin-like modiﬁcations on the developing
genome. In fact, the pool of Twi1p associated small RNA becomes
increasingly enriched in germline-limited sequences as development
progresses [38,52]. Twi1p is a likely player in the proofreading given
that it localizes to the parental macronucleus before relocating to thedeveloping macronucleus [38]. These observations led to the naming
of the Twi1p associated RNAs scan RNAs as they ‘scan’ the parental
genome for any identity before actively targeting speciﬁc sequences
for elimination [37,38]. (See Chalker and Meyer 2007 [33] for a
thorough discussion of how the comparison of the germline and
somatic genomes is potentially the universal means of controlling
DNA rearrangements in the ciliated protozoa).
6. The conjusome, a perinuclear body regulating nuclear
differentiation
Just prior to the emergence of the developing macronuclei at the
end of effective scanning of the parental genome [51], Pdd1p localizes
to large cytoplasmic bodies called conjusomes [53] (see the leftmost
ﬂuorescence image in Fig. 2A). These specialized structures may play
an important regulatory role in DNA rearrangement. They form in the
anterior of each cell, near the emerging new macronuclei. While the
function of the conjusome in unknown, several of the Lia proteins
have also been observed to localize to this structure [23]. This may
suggest that these structures help concentrate Pdd1p and regulate its
assembly with other proteins prior to their trafﬁcking to the
differentiating somatic nucleus. Alternatively, conjusomes could be
the site where RNA-mediated genome comparison occurs between
scan RNAs and RNAs from the parental macronucleus. It is compelling
to speculate that this cytoplasmic structure may be functionally
related to other cytoplasmic bodies such as nuage or the chromatoid
body [54], perinuclear structures that are deﬁning features of germ
cells in many organisms. They have recently been linked to RNAi-
mediated regulatory processes [55,56]. Intriguingly, Drosophila nuage
has been found to contain Aubergine and Spindle-E, proteins that act
in the repeat associated small RNA pathway that suppresses
transposable element activity [57]. The interplay between cytoplasmic
and nuclear bodies may be a general mechanism of genome
surveillance that silences repetitive sequences and controls processes
of nuclear differentiation.
7. Concluding perspectives
The rather conspicuous biological attributes of Tetrahymena has
facilitated novel scientiﬁc discovers such as ribozymes and telomerase
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genome is a prominent developmental event that is providing a forum
for additional discoveries. Studies to understand this process have
revealed a pathway of genome-wide, RNA guided chromatin mod-
iﬁcation and extensive nuclear remodeling that has mechanistic
parallels with pathways that establish heterochromatin. The ability of
the DNA content within the parental macronucleus to regulate DNA
rearrangement patterns suggests a novel role of RNAi in commu-
nicating genetic information between germline and somatic nuclei
during development. Again we see that RNAs may be doing more in
genetic regulation than we previously imagined.
One of the obvious attributes observed during Tetrahymena nuclear
differentiation is the dynamic packaging of the future eliminated DNA
into nuclear substructures. These germline-limited sequences are
interspersedwith genic sequences throughout the chromosomes, thus
the generation of these heterochromatin-like structures will signiﬁ-
cantly alter the nuclear organization of somatic-retained DNA as well.
When one considers the fact that the majority of chromosomal DNA
for many organisms exists as heterochromatin, it follows that the
mechanisms responsible for packaging this repressed form of DNA
into the nucleus have profound inﬂuence on the overall 3-D
organization of the chromosomes. Our current understanding of Te-
trahymena genome differentiation indicates that the underlying
mechanisms by which this occurs appear to be evolved from those
that eukaryotes generally use to identify and repress the activity of
repetitive sequences and transposon elements. Future studies of this
seemingly unconventional biology will contribute to our broader
understanding of how eukaryotes organize DNA within the nucleus.
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